Introduction {#Sec1}
============

Schizophrenia is a serious mental illness with a complex set of debilitating and chronic symptoms. At present, second-generation (atypical) antipsychotics (SGAs) are used as first-line treatments for schizophrenia in the clinical setting owing to their higher tolerability than first-generation (typical) antipsychotics (FGAs) and because they are subjectively preferred by patients \[[@CR1]\]. The relative effectiveness of atypical antipsychotics compared with that of FGA has been addressed, and studies examining the effectiveness of SGA drugs have also been conducted \[[@CR2]--[@CR5]\].

The advent of SGAs offered a renewed promise of beneficial long-term outcomes, especially in the social functioning of patients, which is defined as the patients' involvement in social interactions and activities. Social functioning of schizophrenic patients has been recognized as a key outcome indicating treatment success \[[@CR6]\]; however, the remission of social functioning difficulties would be a more adequate endpoint for evaluating long-term outcome efficacy \[[@CR7]\]. Many studies have indicated that continuous antipsychotic treatment, especially as a maintenance treatment, decreases the risk of relapse and improves social function \[[@CR8], [@CR9]\]. The CATIE (Clinical Antipsychotic Trials of Intervention Effectiveness) schizophrenia study conducted by the National Institute of Mental Health (NIMH) is the most well-known comparative study of the effectiveness of antipsychotic drugs \[[@CR10], [@CR11]\]. However, few real-world studies have evaluated the effectiveness of various atypical antipsychotics in China.

In addition, quantitative information on the long-term social functioning of schizophrenic patients treated with SGAs is scarce in current clinical practice \[[@CR12], [@CR13]\], and the available information does not reflect the differences in therapeutic efficacies between various drugs. Using data from the Study of Long-term Outcomes for Schizophrenia by Atypical Antipsychotic Treatment in China (SALT-C) study, which is a multicenter, real-world clinical study, we examined the differences in efficacy between three antipsychotics (olanzapine, risperidone, and aripiprazole) to provide a guide for clinicians when choosing an antipsychotic for the individualized treatment of schizophrenia. In this study, we established pharmacodynamic models to quantify the time--efficacy relationship of each antipsychotic drug, identify the relevant influencing factors affecting antipsychotic efficacy, and directly reflect the therapeutic efficacy of each drug. These models will ultimately provide quantitative information to realize individualized schizophrenia treatment in China.

Materials and methods {#Sec2}
=====================

Study design {#Sec3}
------------

The SALT-C study evaluated the effectiveness and safety of antipsychotic drugs in real-world settings and populations; thus, the study results can be applied in the routine clinical setting in China. The SALT-C study was registered at <https://www.clinicaltrials.gov> (identifier: NCT02640911) and produced a large data set of real-world schizophrenia patients in China recruited in an open-label 3-year follow-up clinical trial of widely used atypical antipsychotics. In this prospective, randomized, flexible dose, open-label study conducted by Shanghai Mental Health Center, data were also obtained from the Sixth Hospital of Peking University, Beijing Anding Hospital, Guangzhou Psychiatric Hospital, West China Hospital of Sichuan University, Second Xiangya Hospital, First Affiliated Hospital of Kunming Medical College and Shanghai Luwan Mental Health Center between July 2011 and December 2014. Schizophrenic patients treated with atypical antipsychotics were followed for 3 years. Demographic data, medication history, drug dosage, illness course, and efficacy assessments, including the Positive and Negative Syndrome Scale (PANSS) \[[@CR14]\] and the Personal and Social Performance scale (PSP) \[[@CR15]\], were collected using a standardized data collection form. All the centers followed the same research protocol, and all psychiatrists received training pertaining to these scales. As a real-world study, the protocol did not limit the dosage of drugs, and we only recorded the actual drug usage in clinical practice. We collected the blood drug concentration from the patients to monitor compliance. The medical history provided by guardians was also taken as important evidence to determine medication compliance.

Participants {#Sec4}
------------

Eligible patients were over 16 years of age; diagnosed with schizophrenia based on the Diagnostic and Statistical Manual of Mental Disorders, Fourth Edition (DSM-IV) or the International Classification of Diseases 10 (ICD 10) by two certificated psychiatrists; and able to take atypical antipsychotic medications. Patients with childbearing potential were required to have a negative pregnancy test at the time of screening. The exclusion criteria included substance dependency, dementia, mental retardation, and Axis I or II significant physical illness. The SALT-C study was approved by the Institutional Review Board of the Shanghai Mental Health Center, Shanghai Jiao Tong University School of Medicine. Written informed consent was obtained from all participants and the patients' guardians.

In this study, patients who received olanzapine, risperidone or aripiprazole monotherapy at least 13 weeks after the baseline visit in the SALT-C database were included in the model foundation. An average medication compliance of \>90% in 1 month was assumed to be good compliance.

Procedures and measures {#Sec5}
-----------------------

After signing written informed consent forms, the potential subjects went through the screening process. Each eligible subject was assessed at 13, 26, 52, 78, 104, 130, and 156 weeks after the start of the study. Assessments included clinical and functional measures. The measures of clinical evolution, as scored by the PANSS, and social functioning, as scored by the PSP, were used in our study. The primary efficacy criterion was the PSP score, which was recently developed to specifically assess social functioning in schizophrenic patients \[[@CR16]\]. The ratings were based on the assessment of four objective indicators: (a) socially useful activities, (b) personal and social relationships, (c) self-care, and (d) disturbing and aggressive behaviors. The Chinese version of the PSP rating had good reliability, validity, and sensitivity \[[@CR17]\]. Higher PSP scores indicate better functioning. After passing a test on the use of the scales and obtaining high internal concordance (an internal concordance of 0.70 was the minimum required), the psychiatrists were qualified as scorers.

Model establishment {#Sec6}
-------------------

We found that the distribution of the improved percentage of the PSP score from the baseline varied with time and at some time points reached a plateau. Thus, the classic pharmacodynamic (*E*~max~) model \[[@CR18]\] was used as the base model for our data (Formula 1).

The parameters in Formula 1 are *E*~max~, ET~50~, and *γ*. *E*~max~ is the theoretical maximal drug effect; ET~50~ is the time required to reach half of the maximal efficacy, which also represents the rate of drug onset; and *γ* is a shape parameter. If the estimate of *γ* was near 1, the *γ* value was fixed at 1 to simplify the model. *E*~Typical~ is the typical drug efficacy, and time is the time of the observation point. The nonlinear mixed effects model was used to fit the function.$$\documentclass[12pt]{minimal}
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Owing to the influence of variations, the values of observed efficacy fluctuate around the values of typical efficacy. Therefore, the measured efficacy values in each investigation consisted of typical efficacy values, interindividual variability, and the residual error (RSE). The interindividual variability of the parameters was assigned a logarithmic normal distribution across the population, and the distribution of pharmacodynamic parameters was defined in Formula 2.$$\documentclass[12pt]{minimal}
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*P*~i~ is the individual pharmacodynamic parameter, whereas *P*~pop~ is the population typical value of the corresponding pharmacodynamic parameter; *η*~i~ is assumed to be normally distributed, with a mean of 0 and variance of *ω*^2^.

The RSE was tested by the additive (Formula 3), proportional (Formula 4), and proportional plus additive (Formula 5) models. The minimum value of the nonlinear mixed effect method (NONMEM) objective function value (OFV) was used as a statistic to choose the RSE model.$$\documentclass[12pt]{minimal}
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Model development and validation {#Sec7}
--------------------------------

Once the aforementioned basic model was established, potential factors that might affect the model parameters were explored. The factors tested in the study were age, sex, dosage, age at initial onset, illness duration, illness course, schizophrenic episodes, onset frequency, family history, and PANSS score at the baseline. In the process of covariate model building, categorical covariates were modeled according to Formula 6, whereas the continuous covariates were tested by Formula 7 or Formula 8.$$\documentclass[12pt]{minimal}
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In formulas 6--8, *P*~i~ is the pharmacodynamic parameter for a patient with a covariate value of COV. COV~median~ is the median value of the covariable in the population. *P*~pop~ is the typical value of the parameter when the categorical covariates are equal to 0 or continuous covariates are equal to COV~median~. *θ*~cov~ is a correction coefficient of the covariate of the model parameter.

A difference in the OFV of 3.84 (*P* = 0.05, df = 1) and 6.63 (*P* = 0.01, df = 1) was considered statistically significant in the covariate model-building process. All factors as covariates were analyzed in a stepwise manner with a forward selection step (*P* *=* 0.05) and then a stricter backward elimination step (*P* *=* 0.01) \[[@CR19]\].

Diagnostic plots were assessed to confirm the model performance. The Monte Carlo method was performed 1000 times to generate the 90% confidence intervals (CI) of the effects of each medicine. Then, the interval was compared with the observed values to assess the accuracy of the model. Validation of the model was also performed by the bootstrap method \[[@CR20]\].

Software and statistical methods {#Sec06}
--------------------------------

Statistical analysis was conducted with SPSS (version 24.0, IBM Corp, Armonk, NY, USA). The demographic and clinical characteristics of all the study samples are described with descriptive statistics. Group comparisons were performed with ANOVA or the Kruskal--Wallis H test for continuous variables and the Fisher exact test for categorical variables.

The model estimation and simulation were performed with NONMEM 7.4 (Level 1.0, ICON Development Solutions, USA). Diagnostic graphics and visual predictive checks were conducted with R software (version 3.0.1, The R Foundation of Statistical Computing, Austria). A value of *P* ≤ 0.05 indicated a statistically significant difference.

Results {#Sec8}
=======

Study characteristics {#Sec9}
---------------------

A total of 373 schizophrenic participants were included in our analysis, of which 144 were on olanzapine, 160 were on risperidone and 69 were on aripiprazole. The characteristics of the patients are summarized in Table [1](#Tab1){ref-type="table"}, and the sample size of each center is presented in Supplementary Table [S1](#MOESM1){ref-type="media"}. The mean age was 38.0 years, and the percentage of male participants was 53.1%. The PSP score at the baseline was 53.1 ± 15.6. We found that age, occupation, illness duration, course, family history, PANSS, and PSP scores at the baseline were significantly different (*P* \< 0.05) among the three treatment drug groups.Table 1Characteristics of three groupsOlanzapineRisperidoneAripiprazoleOverall*P* value*n* = 144*n* = 160*n* = 69*n* = 373Age (year)36.4 ± 14.941.0 ± 13.532.1 ± 12.338.0 ± 14.20.000Sex  Male *n* (%)81 (56.3)74 (46.3)43 (62.3)198 (53.1)0.051BMI22.5 ± 4.022.9 ± 4.023.5 ± 4.322.9 ± 3.90.281Weight (kg)61.8 ± 11.064.3 ± 11.763.6 ± 13.063.1 ± 11.70.224Marital status  Single *n* (%)82 (56.9)97 (60.6)36 (52.2)215 (57.6)0.417  Married *n* (%)55 (38.2)59 (36.9)32 (46.4)146 (39.1)−  Divorced or widowed *n* (%)7 (4.9)4 (2.5)1 (1.4)12 (3.2)−Occupation  Employed *n* (%)56 (38.9)59 (36)40 (58.0)155 (41.6)0.009  Unemployed *n* (%)88 (61.1)101 (63.1)29 (42.0)−−Age at initial onset (year)26.9 ± 10.027.9 ± 9.725.7 ± 9.927.1 ± 9.80.275Illness duration (year)9.5 ± 12.313.1 ± 11.66.4 ± 7.410.4 ± 11.50.000Course (month)153.6 ± 305.824.9 ± 46.815.5 ± 22.172.9. ± 202.70.000Episode  First episode *n* (%)49 (34.0)35 (21.9)20 (29.0)104 (27.9)0.060Onset frequency3.1 ± 3.13.4 ± 2.72.6 ± 2.03.1 ± 2.70.109Family history  Positive (%)43 (29.1)32 (19.0)9 (12.2)84 (22.5)0.021PANSS score at baseline  Total score69.5 ± 20.072.0 ± 22.664.2 ± 20.269.6 ± 21.30.038  Positive score16.8 ± 6.817.4 ± 8.114.6 ± 6.216.7 ± 7.40.027  Negative score18.1 ± 6.419.8 ± 7.417.0 ± 7.518.6 ± 7.10.013  General psychopathology34.5 ± 11.134.8 ± 11.032.6 ± 10.334.3 ± 10.90.356PSP score at baseline50.8 ± 15.053.0 ± 15.258.0 ± 16.853.1 ± 15.60.007Comparisons of continuous variables among groups were completed by using ANOVA or Kruskal--Wallis H

Model establishment {#Sec10}
-------------------

In our study, the *E*~max~ model described an increased percentage of the PSP score and could describe the time-effect of the three atypical antipsychotic medications. The RSE was best described by the additive error model. The estimated values of γ for olanzapine, risperidone and aripiprazole were 1.03, 0.94, and 1.11, respectively, which are very close to 1; thus, we fixed the *γ* values to 1 in the final model. The parameter estimation for the final model is presented in Table [2](#Tab2){ref-type="table"}. The values of RSE for the pharmacodynamic parameters of olanzapine and risperidone ranged from 6.7% to 20.7%, which were considered acceptable. However, the RSE for the pharmacodynamic parameters of aripiprazole was \>30%, which was owing to the small sample size and few observation time points. After removing the outliers (above the mean ± 3 standard deviations), the RSE for the pharmacodynamic parameters of aripiprazole was \<30%, and detailed information about the outliers is presented in Supplementary Table [S2](#MOESM2){ref-type="media"}. Therefore, the estimated values of the pharmacodynamic parameters after removing the outliers were compared with those of the other two drugs.Table 2Parameter estimation of the three drugsOlanzapine value(RSE%)Risperidone value(RSE%)Aripiprazole value 1(RSE%)Aripiprazole value 2(RSE%)Pharmacodynamics parameters  *E*~max~, %80.3(6.7)68.2 (11.4)44.2(38.9)23.9(17.6)  ET~50~, week56.7 (16.4)29.2 (20.7)49.7 (57.9)36.8(29.8)Covariate parameters  θ1 on *E*~max~NA−33.3 (18.2)NANA  θ2 on *E*~max~NA−0.748 (19.8)NANA  θ3 on ET~50~1.32 (13.6)NANANA  θ4 on ET~50~NA0.524 (62.2)NANA  θ5 on ET~50~2.46 (13.7)NANANAVariability parameters  *η* (*E*~max~), %22.4(17.9)28.0 (28.4)58.5 (11.7)56.9(13.7)  *η* (ET~50~), %119.6 (10.2)110.5 (12.5)69.9 (21.3)−  ε, %8.062 (12.4)8.967 (21.2)13.5 (21.9)10.7(14.7)Shrinkage  Shrinkage \_*η* (*E*~max~), %23.726.832.532.7  Shrinkage \_*η* (ET~50~), %34.140.253.6−  Shrinkage \_ε, %9.78.912.611.5*E*~*max*~ maximal effect of drug, *ET*~*50*~ time to achieve 50% of *E*~*max*~, *θ on E*~*max*~ *or ET*~*50*~ effect of the parameter θ used to correct the effect on *E*~*max*~ or *ET*~*50*~, *η* interstudy variability of pharmacodynamic parameter, *ε* residual error, *NA* parameter is not estimated, *RSE* relative standard error. θ1, Episode; θ2, PANSS total score; θ3, Onset frequency; θ4, Course (month); θ5, General psychopathology score. Aripiprazole Value 1, original data set; Aripiprazole Value 2, outliers remove

The typical *E*~max~ values of olanzapine, risperidone, and aripiprazole were 80.3%, 68.2%, and 23.9%, respectively. The time to achieve half of the maximal effect (ET~50~) for olanzapine, risperidone, and aripiprazole was 56.7, 29.2, and 36.8 weeks, respectively.

Moreover, we observed that the number of schizophrenic attacks and general psychopathology had a significant effect on the ET~50~ of olanzapine (Formula 9).$$\documentclass[12pt]{minimal}
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Formula (9) shows ET~50~ values at 22.7 weeks for the general psychopathology score of 29 in first-episode patients and 56.7 weeks in first recurrence patients. For patients who had a relapse, the time to reach their half maximal social function increased exponentially. Meanwhile, in first recurrence patients, the ET~50~ values were 56.7 weeks for a general psychopathology score of 29 and 311.9 weeks for a general psychopathology score of 58. All of these indicated that the number of relapses and the general psychopathology score were closely related to the ET~50~. For example, when the general psychopathology score is 16, and the onset frequency is 1, the ET~50~ value of olanzapine is 5.3 weeks. When the general psychopathology score is 40, and the onset frequency is 4, the ET~50~ value of olanzapine is 312.5 weeks.

Episodes of schizophrenia and the total PANSS total score had significant effects on the *E*~max~, and the illness course (months) had a significant effect on the ET~50~ of risperidone (Formulas 10 and 11).$$\documentclass[12pt]{minimal}
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Formula (10) showed *E*~max~ values of 68.2% for a PANSS score of 58 in first-episode patients and 35.0% in relapsing patients undergoing risperidone treatment. For example, when the PANSS score was 60, and the episode was 1, the *E*~max~ value of risperidone was 33.3%. When the PANSS score was 90, and the episode was 2, the *E*~max~ value of risperidone was 22.3%.

Formula (11) showed ET~50~ values of 26.8, 28.3 and 31.5 weeks for illness courses of 3, 6, and 12 months, respectively.

Model evaluation {#Sec11}
----------------

Figure [1](#Fig1){ref-type="fig"} depicts the goodness-of-fit of the final models. The observed (OBS) effect was in good accordance with the population-predicted effect data (PRED) effects and the individual predicted data (IPRED) effects. The WRES magnitude was located within ±4 from the center and distributed randomly around the overall range of the PRED. The visual predictive check with Monte Carlo simulation showed that the mean PSP score increase (%) values for most actual values were distributed within the predicted 5% and 95% boundaries for all three atypical antipsychotics (Fig. [2](#Fig2){ref-type="fig"}). Bootstrap sampling also indicated the stability of the model by showing the similarities between the medians and the estimated values of the final pharmacodynamics parameters (Tables [2](#Tab2){ref-type="table"}, [3](#Tab3){ref-type="table"}). The 95% CI of *θ* did not contain 0, suggesting that the factors were the significant factors influencing the parameters ET~50~ and *E*~max~. All of these evaluation results indicated good predictability of the final models.Fig. 1The goodness-of-fit plots for the final models. **a** Scatter plot of population-predicted effect data (PRED) vs. observed effect data (OBS). **b** Scatter plot individual predicted effect data (IPRED) vs. OBS. **c** Plot of conditional weighted residuals (CWRES) vs. PRED. **d** Plot of CWRES vs. the Time point. The black and red lines in **a** and **b** represent identity and regression lines, respectively, whereas in **c** and **d**, the black lines are the position where conditional weighted residual equal 0 and the red lines are the regression lines. The goodness-of-fit plots for the aripiprazole are plots after removing the outliersFig. 2The visual predictive check for the final model. The dots are the mean values of PSP score change (%) from each time visit. The population-predicted profile (50th percentile) estimated from 1000 Monte Carlo simulations is shown by the green dashed line, and the 90% prediction intervals are encompassed by the green solid lines in each plot. The yellow dashed lines are the 5th, 50th, and 95th percentiles of the observed data. **a** olanzapine; **b** risperidone; **c** aripiprazole (original data set); **d** aripiprazole (outliers remove)Table 3Bootstrap sampling of the three drugsOlanzapineRisperidoneAripiprazole 1Aripiprazole 21000979999999SuccessfulSuccessfulSuccessfulSuccessfulBootstrapBootstrapBootstrapBootstrapMedianMedianMedianMedian(95% CI)(95% CI)(95% CI)(95% CI)Pharmacodynamics parameters  *E*~max~, %80.1 (69.30--90.20)68 (35.6--85.015)45.3 (20.3--90.9)23.6 (15.3--34.7)  ET~50~, week56.3 (40.1--77.31)29.7 (12.68--47.73)50.0 (13.0--139)37.2 (6.78--28.6)Covariate parameters  θ1 on *E*~max~NA32.3 (47.62--16.68)NANA  θ2 on *E*~max~NA0.764 (1.14--0.44)NANA  θ3 on ET~50~1.32 (0.94--1.68)NANANA  θ4 on ET~50~NA0.497 (0.03--1.52)NANA  θ5 on ET~50~2.48 (1.71--3.23)NANANAVariability parameters  *η* (*E*~max~), %21.85 (12.70--30.60)20.2 (0.3--92.54)57.1 (27.2--76.7)57.8 (25.0--79.2)  *η* (ET~50~), %118.3 (94.69--141.8)122.5 (60.28--156.2)61.6 (0.30--117)−  ε, %7.868 (5.97--10.05)8.905 (5.65--12.89)12.8 (7.40--18.7)10.7 (8.15--16.6)*E*~*max*~ maximal effect of drug, *ET*~*50*~ time to achieve 50% of *E*~*max*~, *θ on E*~*max*~ *or ET*~*50*~ effect of the parameter θ used to correct the effect on *E*~*max*~ or *ET*~*50*~, *η* interstudy variability of pharmacodynamic parameter, *ε* residual error, *NA* parameter is not estimated, *RSE* relative standard error. θ1, Episode; θ2, PANSS total score; θ3, Onset frequency; θ4, Course (month); θ5, General psychopathology score. Aripiprazole 1, original data set; Aripiprazole 2, outliers remove

Typical drug efficacy values {#Sec12}
----------------------------

According to the final model parameters, we examined the efficacy values of the three antipsychotics at 26, 52, 78, 104, 130, and 156 weeks and simulated the typical efficacy--time curves (Fig. [3a](#Fig3){ref-type="fig"}). The results showed that olanzapine had the best efficacy, with an actual maximal effect value of 80.3%.Fig. 3**a** The predicted typical PSP score elevation rate of each group. **b** The treatment discontinuation rate of the three drugs

The effect of onset frequency on long-term functioning may be particularly pronounced in patients treated with olanzapine or risperidone. A significant correlation between the number of relapses and the general psychopathology score was observed for patients treated with olanzapine. A three-dimensional curved surface can predict the typical effect of olanzapine with different onset frequencies for the general psychopathology score of 29 (Fig. [4a](#Fig4){ref-type="fig"}). The course-time-effect model of risperidone shows a better effect in first-episode patients (Fig. [4b](#Fig4){ref-type="fig"}) than in relapsing patients (Fig. [4c](#Fig4){ref-type="fig"}). Moreover, no factor was significantly correlated with *E*~max~ or ET~50~ in the aripiprazole group.Fig. 4Predicted three-dimensional model. **a** oneset frequency-time-effect model of olanzapine; **b** course-time-effect model of risperidone in first-episode patient; **c**: course-time-effect model of risperidone in relapsing patient

Treatment discontinuation rate {#Sec13}
------------------------------

The duration for which patients continue to use a drug is considered a good measure of drug effectiveness \[[@CR21]\]. Therefore, we conducted a statistical analysis of the treatment discontinuation rate (TDR) for the three drugs at different time points (Table [4](#Tab4){ref-type="table"}). The results showed that risperidone had the highest all-cause TDR. TDR in schizophrenia patients treated with olanzapine was substantially lower than that in patients receiving aripiprazole before 24 months but was higher than that in patients taking aripiprazole after 24 months (Fig. [3b](#Fig3){ref-type="fig"}).Table 4Treatment discontinuation rateTime (week)Olanzapine (*n* %)Risperidone (*n* %)Aripiprazole (*n* %)135 (3.4)12 (7.1)5 (6.8)2644 (29.7)77 (45.8)26 (35.1)5293 (62.8)128 (76.2)50 (67.6)78118 (79.2)144 (85.7)60 (81.1)104132 (89.2)152 (90.5)66 (89.2)130136 (91.9)160 (95.2)67 (90.5)156137 (92.6)161 (95.8)68 (91.9)

Discussion {#Sec14}
==========

In this prospective study of real-world schizophrenic patients treated with long-term antipsychotic monotherapy, maintenance treatment generally improved the social functioning of patients. We chose these three antipsychotics because of their widespread global use and their different receptor profiles, as well as because their efficacy has not been quantitatively assessed and compared. These three drugs are used for schizophrenia treatment. As traditional clinical efficacy trials usually rely on carefully planned treatment-optimizing protocols with strict inclusion and exclusion criteria \[[@CR22], [@CR23]\], meta-analyses or conventional group comparison analyses cannot clearly illustrate the different characteristics of antipsychotic efficacy.

We quantitatively analyzed the therapeutic effects of three antipsychotics on the social functioning of real-world schizophrenic patients using a pharmacodynamic model. We found that the schizophrenic episode and total PANSS total score had a significant effect on the *E*~max~ of risperidone. When the first-episode patients had a PANSS score of 58, the *E*~max~ values of olanzapine, risperidone and aripiprazole were 80.3%, 68.2%, and 23.9%, respectively. The typical efficacy--time curves showed that aripiprazole possessed the lowest efficacy, with olanzapine showing much greater therapeutic efficacy than aripiprazole. This result agrees with the findings of an open randomized clinical trial conducted in 14 countries, which suggested that the effectiveness of olanzapine is superior to that of other antipsychotic drugs \[[@CR5]\]. A meta-analysis also indicated that olanzapine and risperidone are significantly superior to other drugs in terms of overall efficacy \[[@CR24]\]. Our model was thus successful in quantitatively analyzing the difference in effects among the three drugs.

The number of schizophrenic episodes and general psychopathology significantly affected the ET~50~ of olanzapine, whereas the illness course (months) significantly affected the ET~50~ of risperidone. The ET~50~ values of olanzapine were 22.7 weeks in first-episode patients with a general psychopathology score of 29, 56.7 weeks in first recurrence patients, and 311.9 weeks in first recurrence patients with a general psychopathology score of 58. The ET~50~ values of risperidone were 26.8, 28.3, and 31.5 weeks in patients with an illness course of 3, 6, and 12 months, respectively.

In the final model, the RSE of *E*~max~ and ET~50~ for aripiprazole was \>30%. Possible explanations are the relatively large individual variation, small sample size and insufficient observation points. The outliers, which were defined as above the mean ± 3 standard deviations, had an impact on the model. As the outliers were fewer than 10% of the total, we removed them. After removing the outliers, the precision of estimation was improved. Therefore, the large individual variation was the reason for the poor precision of the original estimates.

Previous studies included many factors, such as sociodemographic factors, treatment adherence, illness duration, and cognitive function, to screen for potential outcome predictors \[[@CR25]--[@CR27]\]. It is unclear whether the collinearity effect between the factors was excluded. Our study used quantitative pharmacological methods to show that factors such as schizophrenic episodes, total PANSS score, the number of schizophrenic attacks and general psychopathology significantly affect the efficacy of olanzapine and risperidone, excluding the collinearity effect. There were some differences in results between our study and previous studies because of the use of different baseline characteristics and because we focused on real-world data.

The effect of onset frequency on the social functioning of schizophrenic patients has been studied. A study showed that after acute treatment, almost half of first-episode schizophrenia patients achieved symptom remission and had adequate social functioning, showing substantial improvement compared to relapsing patients \[[@CR28]\]. Every relapse of schizophrenic psychosis is accompanied by an immense burden on the patients themselves, their families and society at large. In our study, we observed that for each increase in the number of schizophrenic attacks, the social function change rate decreased by \~10% in the olanzapine group, and the first episode was two times more influential than in patients with recurrence in the risperidone group. Our results showed an association between high relapse frequency and poor long-term outcomes, which was consistent with the results of previous studies. A possible explanation is that repeated relapse is always associated with poor drug compliance. Thus, the stability of neurotransmitters such as dopamine and hydroxytryptamine is influenced by poor drug compliance, which is consistent with the hypothesis of schizophrenia pathogenesis \[[@CR29]\]. Aripiprazole, unlike olanzapine and risperidone, is a partial agonist of D~2~ and 5-HT~1A~ receptors, which is different from olanzapine and risperidone. Moreover, neuroimaging studies have shown structural and functional changes in brain regions with extended periods of relapse \[[@CR30]\]. Therefore, clinicians should emphasize the importance of compliance and the negative effect of relapse on social functioning in schizophrenia patients. In addition, a shorter duration of psychosis before study entry predicts both full recovery and symptom remission \[[@CR28]\]. Emerging evidence emphasizes the association between early detection and the long-term outcome \[[@CR31]\]. Our study supported the importance of patient-specific factors, including illness severity at the time of diagnosis, onset frequency, and illness course as determinants of long-term antipsychotic response.

The predicted *E*~max~ value was not significantly correlated with the dose of each drug. The OFV did not significantly decrease when the dose factor was included in the model parameters, indicating that there was no significant correlation between drug dosage and efficacy, although the dose varies in clinical practice (Fig. [5](#Fig5){ref-type="fig"}). We observed that the drug dose decreased rapidly after 2 years. Dose reduction of atypical antipsychotics is more recommended by clinicians than acute doses in the schizophrenia maintenance phase \[[@CR9], [@CR32]\]. Some experts also proposed that maintenance doses should be slowly reduced; moreover, studies have recommended maintaining the dose of an antipsychotic drug for at least 18 months \[[@CR13]\]. Finally, dose was not included in our model.Fig. 5The relationship between the dose and the predicted *E*~max~ value. **a** olanzapine; **b** risperidone; **c** aripiprazole

We analyzed the TDR of the three drugs at different time points because the TDR is considered an composite representative of drug efficacy, safety, and tolerability by both the clinicians and the patients \[[@CR10], [@CR21], [@CR33]\]. A previous study indicated that olanzapine is the most effective drug for chronic schizophrenia \[[@CR10]\]. In our study, of the three long-term SGAs, risperidone showed the highest dropout rate within one year, indicating low patient adherence. The TDR in patients receiving olanzapine was lower than that in patients receiving aripiprazole before 24 months but was higher than that in patients receiving aripiprazole after 24 months. The reason for the superiority of aripiprazole as a long-term continuous treatment may be related to its unique pharmacological profile \[[@CR34]\]. Aripiprazole is well tolerated with fewer adverse events, such as extrapyramidal adverse reactions, hyperprolactinemia, and metabolic disorders.

There were some limitations in our study. First, the open-label, nonrandomized design of this study was likely to have introduced selection bias. Although we used a set of statistical adjustments for demographic and clinical parameters, bias could not be completely eliminated. Second, in another study, a population pharmacokinetic model was developed to assess the magnitude and variability of exposure to clozapine \[[@CR35]\]; however, because we did not collect pharmacokinetic data, we could not build a pharmacokinetic--pharmacodynamic model in this study. Third, because most patients in our study discontinued drug treatment at \~ 104 weeks, the drug effect trends after 2 years were unclear. Fourth, although we used different methods to verify the stability of the models, external validation in further studies is required.

Conclusions {#Sec15}
===========

We established pharmacodynamic models of three atypical antipsychotics based on real-world data. Among the three drugs studied, olanzapine showed the highest efficacy, whereas aripiprazole showed the lowest efficacy. Our current study provided quantitative information on the efficacy of three long-term atypical antipsychotics with regard to the social functioning of real-world schizophrenic patients.
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